The commercial, economic, and environmental implications of additive manufacturing (AM) technology are currently capturing the imagination of a specialist audience and the general public alike. The technology is frequently viewed in the "The scope of this Special Issue has been specified to chart out impact dimensions occurring throughout the life cycle of AM products to improve our knowledge of the environmental impacts of AM and to enable appropriate manufacturing technology adoption decisions with respect to sustainability. In this sense, the papers contained in the issue make a joint contribution to our understanding of the constraint-lifting characteristic of technological improvement." context of an increasingly digitized world, with its core processes using only digital data and raw materials in powder, liquid, sheet, or filament form as inputs. Despite often being perceived as a new approach to engineering design and manufacturing, the technology traces its roots back to prototyping technology brought to the market in the 1980s. However, recently AM has begun emerging as a credible approach to the manufacture of end-use products and components. In this role, the adoption of AM, also known as 3D printing, is widely seen as an opportunity to realize novel designs, switch to more responsive modes of production, pioneer new supplychain configurations and, perhaps most importantly for a manufacturing technology, create more functional and efficient products. Even though the technical principles underlying the technology are increasingly well analyzed, an in-depth understanding of the dimensions of environmental impact resulting from the use of AM processes requires careful study not only in terms of the processes themselves, but also in terms of functional performance improvements that can be achieved through design optimization.
Providing the motivation for this Special Issue, the transition from an industrial prototyping process to a broad range of manufacturing applications creates an urgent need to better understand the environmental effects and impacts of the technology, including those arising from raw materials and energy consumption, distribution, wastes, and health and safety considerations. In this context, the initial challenge is one of technological variety: The descriptor AM is an umbrella term covering a number of technologies and operating principles. However, all AM technologies share the same sequential mode of depositing build material, normally in a sequence of thin, typically horizontal crosssections, also known as layers. The deposition principles behind these technologies range from the selective thermal fusion of powder particles contained in a powder bed to the selective irradiation of photoreactive resin held in a vat (Gibson et al. 2014 ). The critical feature from which AM derives its dual promise of manufacturing capability enhancements and improvements of product features is the absence of any physical tooling, such as molds, dies, or cutting implements. As summarized in this Special Issue (Kellens et al. 2017) , the degree of variety in, sometimes competing, operating principles in AM creates a large field for investigation of environmental performance, only part of which has been explored with reliable quantitative data being available for an even smaller subset, focusing mainly on the energy consumption of core AM processes (Huang et al. 2013) . The natural home for such investigations lies in the field of industrial ecology (IE), which is concerned with bringing a systems perspective to the examination and pursuit of sustainable production and consumption, primarily through careful attention to materials and energy flows. As evident in this Special Issue, this focus is particularly apt for the investigation of the environmental dimensions of AM.
AM systems are normally seen to enable product improvements along two dimensions, which may both translate into environmental efficiency gains (Tuck et al. 2008 ): First, as many of the tooling-related constraints are absent, new design possibilities are emerging. Second, AM puts manufacturers in the position to customize or differentiate individual units of output, leading to additional performance improvements. Together, these advantages provide an opportunity for the realization of highly efficient products springing from innovative design methodologies, for example, based on optimization methods or personalization. It also holds out the potential for considerable advances in supply-chain sustainability, including reduced energy consumption, localized production, increased opportunities for repair and remanufacturing, and more benign sources of raw materials.
This Special Issue contains 16 research articles, two columns, and a book review. Together, they yield insight into the current empirical and experimental research looking at the environmental and ecological impacts of utilizing AM technology. There is considerable breadth in the methodologies employed by the authors resulting in diverse and interesting data sets, weaving together impacts occurring in different stages of the product life cycle and identifying interdependencies.
We In this editorial, we first present and briefly outline three themes of research into the IE of AM, which may partly overlap: toward a life cycle perspective in AM; supply-chain innovation and the possibility of personal fabrication, and health and safety considerations. We then chart the environmental dimensions of AM by briefly summarizing each article loosely grouped by topic.
Toward a Life Cycle Perspective in Additive Manufacturing
The environmental dimensions of a new manufacturing technology must be evaluated in the context of potential scarcity of resources and the minimization of unwanted impacts and externalities. However, the newness and heterogeneity of AM technology has led to considerable difficulty in identifying the dimensions and extent of environmental impacts. Each AM technology variant, essentially building on a different physical mechanism for the conversion of raw material inputs into outputs, carries its own set of characteristics, limitations, and impacts, making the formulation of generalizable statements on the environmental dimensions of AM challenging.
A further factor complicating the environmental analysis of AM is that perceiving it as a stand-alone technology allowing the efficient manufacture of geometrically and functionally complex product designs within a single process step may not always be realistic. AM adoption often integrates into a chain of other processes and has effects throughout the life cycle of a product. Hence, we have formulated the scope of this Special Issue to explicitly span the entire product life cycle, ranging from raw material generation through to end-of-life (EoL) logistics and recycling. This implies that, to build a useful and reliable assessment of the technologies environmental impact, a range of aspects beyond the manufacturing stage must be investigated, including raw material generation, the core AM and supporting manufacturing processes, postprocessing and inspection, use-phase performance, and EoL impact.
As a consequence of AM's origins as prototyping technology, currently available AM systems have not been designed with environmental efficiency in mind. As the available data show, many industrial AM systems exhibit significant energy consumption for heating and cooling (sometimes concurrently) and from employing low-efficacy types of material deposition, such as laser sources with low wall-plug efficiency. Additionally, many AM platforms exhibit substantial raw material losses, both in terms of raw material degradation and material wastage.
Much of the existing literature on AM energy consumption indicates that the selection of process parameters, of which there are many in AM, is an important determinant of the environmental performance of AM technology on the machine level. Such parameters include the duration of the AM process, the process rate, layer thickness and product orientation, the degree of capacity utilization, the packing configuration of geometries contained in the system's internal build space, and the minimization of postprocessing impact through the optimization of surface quality.
Thus, the scope of this Special Issue has been specified to chart out impact dimensions occurring throughout the life cycle of AM products to improve our knowledge of the environmental impacts of AM and to enable appropriate manufacturing technology adoption decisions with respect to sustainability. In this sense, the papers contained in the issue make a joint contribution to our understanding of the constraint-lifting characteristic of technological improvement, in particular of manufacturing technology. Two articles contained in this issue directly address this topic by focusing on the environmental opportunity that lies in harnessing the ability of AM to manufacture structures with a high degree of geometric complexity (Díaz Lantada et al. 2017; Baumers et al. 2016 ).
Supply-Chain Innovation and the Possibility of Personal Fabrication
The adoption of AM brings considerable opportunity for change to the various members of supply chains (Cotteleer and Joyce 2014) , which include raw material producers, component suppliers, manufacturing businesses, providers of logistics and warehousing, and product retailers. Compared to conventional manufacturing, it is commonly assumed that AM enables the reduction of the number of supply-chain stages (Tuck et al. 2006) . The environmental consequences of such supply-chain innovation have not received substantial attention, therefore we see a significant opportunity for further theorizing, description, and analysis of resource consumption patterns and environmental impacts associated with AM on the supply-chain level (Holmström and Gutowski 2017).
In general, AM supply chains have been discussed in both centralized and decentralized configurations (Holmström et al. 2010 ). In the centralized manufacturing setting, AM is seen as an enabler of more efficient manufacturing processes featuring smaller inventory and reduced requirements for distribution (Tuck et al. 2006) , enabled, for example, through the implementation of make-to-order approaches. This is contrasted by the use of AM in decentralized (or distributed) supply chains, promising monetary and environmental savings in terms of transportation and logistics of intermediate and end products. Special emphasis has been placed in this context on the provision of spare parts, in particular in high-value, low-volume applications (Khajavi et al. 2014 ) and on the potential for increased repair and remanufacturing, which is addressed by a paper in this Special Issue.
For the supply chains employed in durable goods provision, the emergence of low-cost AM carries particular promise. By being packaged and promoted as technology that can be used in the domestic household setting, it is assumed that this type of AM technology may provide the basis for a radically distributed mode of manufacturing, potentially bypassing the professional manufacturing sector altogether. Equipped with such AM systems, households can engage in "personal fabrication," that is, the creation of products for their own usage. This configuration supposes substantial consumer engagement and learning. Among numerous unanswered technical questions, the environmental consequences of such approaches are still largely unclear.
Across the theme of supply-chain impacts of AM, it is observed that competing financial and environmental impacts need to be weighed against one another. In terms of environmental impacts, highly localized modes of production, such as personal fabrication by makers and hobbyists at home, may exhibit a lower overall environmental supply-chain impact, when compared to mass production despite incurring a higher environmental impact per unit or the generation of waste from "draft" objects. However, the consequence of such privatization is that environmental impacts are transferred to the household level, which may be difficult to measure or regulate. In this Special Issue, this theme is addressed by the article by Cerdas and colleagues (2017).
Health and Safety Considerations
The proposition of operating AM technologies in a distributed or even domestic environment emphasizes the need to investigate aspects regarding health and safety relating to AM systems and also the resulting products. Broadly, these questions are divisible into two areas: First, the potential health impacts of exposure to the raw materials used in AM and to products made from these materials need to be investigated. Second, AM systems and their products must satisfy safety criteria, which are also largely undefined.
Initially, a pressing area of research is the issue of toxicology of emissions, exposure control approaches, and exposure assessment of harmful or toxic raw materials. These considerations apply to polymeric materials, for example, polymeric resins, and metallic materials, including nickel, aluminum, and titanium alloys. Both the handling of the raw materials as well as products made of these materials may form a concern. Additionally, research into the safe disposal of process waste streams and also the disposal of AM products is required.
A further area in which more research is urgently needed is the exposure of machine operators to the emissions of various AM systems in the form of ultrafine particles. As discussed above, the breadth of AM technologies gives rise to different types of emissions, ranging from ultrafine substances emitted during the extrusion of polymer filaments, to fine airborne metallic particles and condensates emitted by powder bed fusion systems. The investigation of these phenomena, which may all pose potential health risks, will require tailored approaches due to the large number of AM processes, build parameters, and materials. Three articles in this Special Issue address these topics (Graff et al. 2016; Mendes et al. 2017; Azimi et al. 2017) .
Finally, as a relatively new form of manufacturing systems, AM may pose new and significant operator safety hazards. We stress this aspect as currently available AM technology relies on significant labor inputs for operation. For polymeric AM systems, the potential hazards include burns when exposed to molten build material and exposure to hot machine components. For metallic AM platforms, particularly those processing reactive metals such as titanium, fire and combustion hazards during machine handling pose a further concern. Additionally, for laser-and electron-beam-based systems, exposure to high-powered energy beams forms a risk factor.
The Special Issue: Charting Impacts across the Product Life Cycle
This Special Issue serves as a forum for a variety of issues: It contains a cluster of six articles applying life cycle assessment (LCA) methodologies of different flavors to the flow of AM processes and products. This is complemented by two articles investigating the process energy consumption of AM technologies directly. Three articles focus on the issue of operator exposure to printer emissions and hazardous materials. This is followed by two articles investigating the sustainability benefits that may be inherent to the deposition of complex geometry enabled by the technology. Two further articles analyze broader supply-chain issues of using the technology.
Providing context for this Special Issue, Kellens and colleagues (2017) review available research on the environmental dimensions and related impacts of AM, reporting that only part of the overall process taxonomy is yet documented in terms of its environmental performance and life cycle inventory (LCI) efforts. The authors identify pertinent questions relating to the LCI of AM feedstock production, supply-chain consequences, and health and safety issues relating to AM, all of which are dealt with in the work contained in this Special Issue.
Six articles in this Special Issue relate to various forms of LCA. The article by Bours and colleagues (2017) identifies the need for new assessment tools for the selection of materiala gap also highlighted by Garmulewicz (2017) in her book review-and process combinations and proposes a framework that combines LCA with hazard analysis and green design metrics focusing on the latter stages in the AM life cycle. The paper by Walachowicz and colleagues (2017) presents a comparison of the environmental impacts of conventional and laser-beambased manufacturing process through an industrial case study of the repair of a burner for an industrial gas turbine unit, including an assessment of the effect of different EoL options. Contributing an additional cradle-to-gate LCA, Faludi and colleagues (2016) ask where most impacts arise in selective laser melting: machine and supporting hardware, aluminum powder material, or electricity used in the process. The authors show that electricity use during printing was the dominant impact per part for nearly all scenarios, both in terms of energy and an environmental impact metric, but demonstrate that this result is sensitive to the issue of capacity utilization. The paper by Mami and colleagues (2017) extends the scope of LCAs of AM by proposing an eco-efficiency method combining life cycle costs and life cycle environmental assessment to support eco-design initiatives in aeronautical applications. Their technique, based on a normalization procedure and a target-driven trade-off approach, is applied to a case study from the aeronautical industry. The article by Priarone and colleagues (2016) compares electron beam melting and machining process in a life cycle-based approach, investigating whether changes to the component geometry affect process energy consumption and carbon dioxide emissions, showing that the impacts related to material usage are dominant in this setting. Peng and colleagues (2017) contribute an additional LCA comparing the impacts in terms of global warming potential, resource depletion, water eutrophication, and acidification of plunge milling versus a hybrid additive/conventional manufacturing, additive remanufacturing, and a pure AM pathway.
Two submissions to this Special Issue assess the process energy consumption of AM technology directly. The article by Yang and colleagues (2017) presents a study on the process energy consumption of a mask-based stereolithography process subject to optimization of build parameters and also considering the impacts on surface quality. The article by Gutowski and colleagues (2017) reviews the process rates and energy intensities of a broad range of additive processing technologies and focuses on recent progress in improving these metrics for laserbased powder bed fusion of metals and extrusion processing of polymers and composites. Explanatory content is added to the investigation through a simple heat transfer model shedding light on theoretical process rate limits.
Three articles contained in this Special Issue focus on the hazards inherent to machine emissions and operator exposure. The paper by Graff and colleagues (2016) experimentally investigates particle numbers, masses, sizes, and identities present in the air during the operation of metallic AM processes, indicating that nano-sized particles are present in the process environment and that operators are exposed specifically while handling the metal powder. Mendes and colleagues (2017) characterize emissions from a low-end 3D printer based on the extrusion of polymers, showing that the process emits nanoparticles inside the chamber, and negligible emissions in room experiments, with emission rates depending strongly on extruder temperature. Following a similar rationale, the article by Azimi and colleagues (2017) predicts the magnitudes of human exposures to airborne pollutants originating from low-end AM systems that would be expected in multiple locations within a typical small office environment. The results reached demonstrate that emission concentrations within proximity to some systems can exceed recommended exposure levels.
Two articles investigate the ability of AM to realize novel and complex geometries. The article by Díaz Lantada and colleagues (2017) investigates a methodology for the generation of biomimetic support structures for use on some AM technology variants, with the aim of improving eco-efficiency and process reliability. Baumers and colleagues (2016) study the effect of a variation in product shape complexity on process energy consumption in electron beam melting by applying a computationally quantified complexity feature to the per-layer process energy consumption, revealing that only a weak correlation is found between the complexity metric and energy consumption.
Two articles contribute supply-chain perspectives to this Special Issue. Cerdas and colleagues (2017) investigate the possibility for companies to accelerate product development and to consider new supply-chain models by comparing a conventional mass scale centralized manufacturing system against a 3D printing-enabled distributed manufacturing system. Huang and colleagues (2017) provide an interprocess comparison of injection molding pathways with conventionally and additively manufactured tooling, combining an assessment of supply-chain lead time, life cycle energy consumption, emissions, and life cycle costs. This perspective is complemented in a column by Quinlan and colleagues (2017) who, after surveying the material deposition speeds achieved by available AM systems, evaluate industrial, retailer, and consumer perspectives in AM, thereby offering insight as to how AM will challenge traditional models of durable goods provision.
Conclusions
As this Special Issue highlights, developing an accurate understanding of the environmental dimensions of AM, and through it the potential mitigation of the impacts of conventional manufacturing processes, requires an understanding of the linkages between various elements within the product life cycle and supply chains. There are a range of interesting themes to emerge from this perspective:
r The openness in the AM process, with advantages and disadvantages compared to more conventional manufacturing, manifests itself across numerous stages in the supply chain and durable goods life cycle. This stresses the need for thorough LCAs and also a requirement for detailed data sets to avoid building a simplistic picture.
r In terms of the environmental impact of the AM process itself, the research presented in this Special Issue stresses that the impact of raw materials may be significant and that the results of the environmental assessments are sensitive to operating parameters. This implies that both awareness of these relationships and careful experimental design are important.
r The research on exposure to emissions from AM systems underlines the need for the formulation of adequate control strategies, best practice for hazard mitigation, and potential regulatory action.
r Echoing the insight from research toward novel design systems supporting AM, the observed sustainability impact of the ability to deposit complex geometries suggests that a key prerequisite for the extraction of the benefits of AM are innovative eco-design techniques.
r AM may offer new configurations in terms of the degree of supply-chain distribution, which may produce additional sustainability impacts that need to be considered.
We find that the technological features of existing AM processes are increasingly well understood, yet an in-depth understanding of the environmental dimensions of the technology is still lacking. In particular, it is evident that we require an extended tools set able to capture the environmental implications and interdependencies of various novel aspects introduced by AM. These include functional consolidation and integration of designs, extensive product personalization, computational design methodologies, previously unavailable materials and material combinations, localized production, novel forms of waste generation, and product reparability. The research presented in this Special Issue contributes to filling this gap in our understanding and promotes a comprehensive view on the impacts of new manufacturing technology and their linkages.
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